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Abstract 

An in-duct beamforming technique for imaging rotating broadband fan sources has been used to 
evaluate the acoustic characteristics of a Foam-Metal Liner installed over-the-rotor of a low-speed fan. 
The NASA Glenn Research Center’s Advanced Noise Control Fan was used as a test bed. A duct wall- 
mounted phased array consisting of several rings of microphones was employed. The data are 
mathematically re-sampled in the fan rotating reference frame and subsequently used in a conventional 
beamforming technique. The steering vectors for the beamforming technique are derived from annular 
duct modes, so that effects of reflections from the duct walls are reduced. 

Nomenclature 

AAPL Aero-Acoustic Propulsion Laboratory 
ANCF Advanced Noise Control Fan 
BPF Blade Passing Frequency 
FML Foam-Metal Liner 
OTR Over the Rotor 
PWL Acoustic Sound Power Level 
SPL Acoustic Sound Pressure Level 
VRM Virtual Rotating Microphone 


Introduction 

Significant reduction in aircraft noise is required to meet stricter noise regulation in the USA and 
Europe. Any overall reduction in aircraft noise must include engine noise reduction since the turbofan 
engine is a large contributor to aircraft noise. In order to effectively achieve noise reduction, detailed 
understanding of the physics of noise generation (Ref. 1) is required. The NASA focus area funding this 
work — Fundamental Aeronautics, Subsonic: Fixed Wing Program — emphasizes developing technologies 
for diagnostics of noise for subsonic aircraft. 
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In an earlier effort (Ref 2), a Foam-Metal Liner was developed for and tested on a low speed fan to 
attenuate the fan noise. This type of liner represents a significant advance over traditional liners due to the 
possibility for placement in close proximity to the rotor. An advantage of placing treatment in this region 
is that the acoustic near field is modified, thereby inhibiting noise generation mechanisms. This can result 
in higher attenuation levels than can be achieved by liners located in the nacelle inlet. In addition, foam- 
metal liners could potentially replace the fan rub-strip and containment components, ultimately reducing 
engine components and thus weight, which can result in a systematic improvement. Foam-metal liners 
have the potential to reduce fan noise by 4-dB overall based on this earlier study, but questions remained 
as to the physics of the noise attenuation mechanism. 

To provide some insight into the physics of the fan noise attenuation achieved by the FML, an in-duct 
beamforming technique designed to separate rotating broadband sources from the total noise inside the 
fan duct was developed and used to acoustically image the fan. This technique, designated the Virtual 
Rotating Microphone, is based on the re-sampling of the data into the rotating reference frame. The 
NASA Glenn Research Center’s Advanced Noise Control Fan was used as the test bed. Several 
configurations of the fan casing area were tested to explore the capability of the VRM in providing 
physical insights. The VRM technique is in its infancy and hence any conclusions drawn from this 
technique should be considered tentative. 


Test Setup and Conditions 

The test bed was the Advanced Noise Control Fan (Refs. 3 and 4); a 4-ft diameter low speed fan used 
for validation of noise reduction concepts. The ANCF is a highly configurable, ducted fan rig located in 
the Aero-Acoustic Propulsion Laboratory (Ref. 5) (Fig. 1). The ANCF, shown in Figure 2, operates inside 
an enclosed, compact farfield arena designed such that the ANCF is in an anechoic environment within 
the AAPL. The AAPL is a hemispherical anechoic (to 125 Hz) test facility that allows for farfield noise 
measurements. The nominal operating condition of the ANCF is 1800 rpm (375 ft/sec tip speed) 
providing an inlet duct Mach number of -0.15. The 16-bladed fan generates a fundamental blade passing 
frequency of -500 Hz. The ANCF is comprised of a series of 1 1 or 12 in. long cylindrical spools that are 
axially interchangeable, enabling rapid testing of a variety of configurations. The ANCF has the ability to 
run rotor-alone (no stator or inlet guide vanes are required for support). All configurations described in 
this paper were tested in the rotor-alone configuration. 



Figure 1. — Aero-Acoustic Propulsion Laboratory. Figure 2. — Advanced noise control fan. 
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The FML, which was from the earlier study (Ref. 2), was a 9 in. long axial liner, with a depth of 
2 in., integrated into a 12 in. spool piece. Figure 3 shows the integrated liner spool piece prior to the fan 
build-up. The foam-metal open cell characteristics were 80 ppi and 8 percent density. The acoustic 
performance of the liner was significant, when installed Over-the-Rotor achieving up to 4 dB of overall 
broadband attenuation. One effect of the foam-metal liner on the flow was notable: it reduced the 
unsteady wall pressures near the blade tip, perhaps due to modification of the blade tip leakage flow. This 
may have contributed to the noise reduction achieved by the installation of the FML/OTR. 

To better understand the physics of the attenuation mechanism the in-duct array was used on several 
configurations. A baseline configuration with the fan blades over the standard ANCF rub-strip was also 
acquired (Fig. 4). In this configuration, the tip clearance is very small ( 1 /64 th in.) as the rub-strip is 
“fitted” to the fan by allowing the fan to rub-in during the initial installation. An additional baseline was 
acquired with the FML spool piece situated in the OTR location, but with the surface of the liner taped 
over to provide a hardwall case (Fig. 5). Note that because of concerns about the blades rubbing on a 
“metal” surface, the tip gap in this configuration is larger (5/64 th in.) than the standard rub-strip 
( 1 / 64 th in.). The primary configuration to determine the effects of the FML was with the liner fully 
exposed (Fig. 6). To help localize the effect the liner was partially taped to expose either the forward or 
aft half of the liner (Fig. 7). Data were acquired in several other configurations but are not reported herein 
(Table I). 

Additional fully-taped and fully-exposed configurations were run with a 6 or 12 in. rod installed 
upstream of the fan to create a strong wake which when ingested by the fan is expected to generate a 
strong stationary acoustic source. This provided a method to compare results from using the VRM to 
standard stationary reference frame beamforming. The configurations are listed in Table I. 

Finally to provide a sanity check on the beamforming results, farfield data were acquired at all 
configurations. The farfield data were processed as discussed in References 3 and 5 to obtain the 
broadband directivity characteristics. 


TABLE I.— CONFIGURATIONS TESTED 
(Reported configurations in bold) 


CONFIG 

ID 

DESCRIPTION 

I 

Baseline (1/64" tip gap) 

II 

OTR/ FML taped (5/64" tip gap) 

III 

OTR/ FML taped 6" rod in inlet 

IV 

OTR/ FML taped 12" rod in inlet 

V 

OTR/ FML exposed 

VI 

OTR/ FML exposed 6" rod in inlet 

VII 

OTR/ FML exposed 12" rod in inlet 

VIII 

OTR/ FML forward M portion exposed 

IX 

OTR/ FML aft % portion exposed 
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Figure 4. — Standard rub-strip showing small tip 
gap provides alternate hardwall baseline 
(stator vane not present during testing). 



Figure 5. — Rub-strip replaced with FML/OTR 
showing larger tip gap. FML is taped to 
provide hardwall baseline. 



Figure 6. — Fully exposed FML/OTR. 


Figure 7. — Partially exposed FML/OTR. 
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In-Duct Beamforming 

A companion paper presents (Ref. 6) the detailed evaluation of the in-duct beamforming technique 
(Ref 7) for imaging rotating broadband fan sources. Briefly, a phased array consisting of several rings of 
microphones plus an axial array was employed (Fig. 8). Each circumferential ring had 30 equally spaced 
microphones. The inlet axial array had 14 microphones. Microphones 9, 1 1, and 13 from the axial array 
are also located in a circumferential ring. The axial array microphones are spaced 1.5 in. apart. The data 
are mathematically re-sampled to a frame of reference rotating with the fan and subsequently used in a 
conventional beamforming technique (Refs. 8 and 9) in the rotating frame. The steering vectors for the 
beamforming are derived from annular duct modes, so that effects of reflections from the duct walls are 
reduced. In contrast with other work, the steering vectors represent the effect of the unsteady pressure at 
the fan, rather than the Green’s function. This improves the condition of the formulation and provides a 
connection to analytical studies. The test included a condition in which two of the fan blades were altered 
to create noise sources at known locations. Referring to Figure 8, the VRM images were obtained using 
the A, B, and C circumferential arrays; the computed in-duct PWLs were obtained using modal 
beamforming from rows A and C combined with the axial array. 



Figure 8. — Microphone array locations in ANCF. 
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Results 


All of the results in this section are broadband, i.e., the fan tones were removed from the data before 
processing. All data were acquired with no stator vanes installed. To evaluate the VRM separation technique a 
few runs were acquired with a rod installed in the inlet at bottom dead center (BDC) of the duct. The 
remainder of the images were acquired with a clean inlet duct. 

Evaluation of VRM Separation Technique 

Figure 9 shows the comparison between data from the inlet array processed using the time series data (a) 
acquired in the stationary reference plane, as one might do in conventional phased array processing, or (b) after 
the time-series have been re-sampled into the rotating reference frame using the VRM process. The 1 st three 
harmonics are imaged. The center frequency of the band is displayed on the upper left of the images, the 
beamform map peak SPL on the upper right. In the stationary frame, the “hotspot” from the rod wake 
interacting with the fan is clearly seen near the bottom of the duct (the rod was located BDC). With VRM 
processing the “hotspot” is not seen since the technique removes stationary sources. The total signal is greater 
than that of the rotating component for all harmonics (e.g., - 90 vs. 76 dB at BPF). The stationary signal peak 
drops across the harmonics while the rotating levels are constant across the three harmonics. Qualitatively, this 
difference was expected and confirms that the VRM technique is indeed picking out a component of the total 
acoustic signal. (This is based on the assumption that the total signal = stationary + rotating signals.) 

VRM Image Analysis of FML 

Figures 10 and 1 1 show the results using the VRM technique on three configurations (I) with the fan over 
the baseline rub-strip with tight clearance, (II) the fan over the FML taped — a more open tip clearance, and (V) 
the fan over the exposed FML. Figure 10 corresponds to fan harmonics that can be compared to the farfield 
data acquired. Figure 1 1 corresponds to fan harmonics above the available farfield data. The imaged noise 
generated by the fan over the tight clearance rub-strip is the loudest, followed by the taped FML. (A unique 
feature of this low-speed, ultra-lightly loaded fan is that the fan noise increases with decreasing tip gap.) The 
exposed FML yields the lowest levels. For the hardwall, tight rub strip case, particularly at the mid-range 
frequencies, the image shows the source of the noise is weighted toward the blade tip. This may be the 
influence of the noise generated by the tip leakage. For the cases with the tip gap opened, the image shows a 
more uniform noise source distribution. This may indicate that the tip leakage strength is reduced, resulting in 
a uniform acoustic radiation from the blade. The presence of the FML reduces the radiation uniformly across 
the blade, indicating that the FML affects the entire source distribution along the fan blade. 

One effect of phased array processing is that images are typically presented with a floating scale to provide 
better resolution over the dynamic range. Sometimes this scaling can hide differences between configurations. 
It can be instructive to compare cases on a fixed scale. Figure 12 shows the results with all three cases imaged 
with a fixed level of 82 dB max while keeping the 15 dB range. The differences between the configurations are 
starker. 


Spectral Analysis of VRM 

Typically, image processing entails computing the beamform map levels, which are then plotted along 
with the spectra at a particular frequency. (This works better in presentations when the frequency can be 
advanced.) The spectral content for each of the three configurations along with an image slice at 3BPF is 
shown in Figure 13. The spectra confirm the relative acoustic levels between the three configurations. Note 
that the spectral shape of the hardwall with rub-strip (tight tip clearance) configuration shows a peak at 
~1 500 Hz, whereas the configurations with the open tip gap do not show a peak, but the general fall off in level 
with increasing frequency. The slope of the fall off is modified with the exposure of the FML creating a more 
rapid fall-off with respect to the taped configuration. The spectral character of the exposed FML configuration 
relative to the taped shows a relatively consistent reduction in SPL versus frequency. This may be more 
evidence that the OTR/FML reduces the acoustic sources along the entire span of the blade. 
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1 st Harmonic Band 2 nd Harmonic Band 3 rd Harmonic Band 

(a) Stationary Frame 



1 Harmonic Band 


2 Harmonic Band 


3 Harmonic Band 


(b) VRM Frame 


Figure 9. — Comparison of in-duct stationary to virtual rotating microphone beamforming results with 6 in. 
rod installed in the inlet at bottom dead center. 
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(II) Hardwall— taped FML 

(5/64 th tip gap) 


(V) Exposed FML 
(5/64 th tip gap) 


(I) Hardwall — Rub-strip 

(l/64 th tip gap) 



(c) 3 rd Harmonic Band 

Figure 10. — In-duct virtual rotating microphone beamforming results with clean inlet (for 1 st three harmonics — 
corresponding to farfield data acquired). 
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(II) Hardwall— taped FML 

(5/64 th tip gap) 


(V) Exposed FML 
(5/64 th tip gap) 


(I) Hardwall — Rub-strip 

(l/64 th tip gap) 



(a) 4 th Harmonic Band 



(b) 5 th Harmonic Band 



(c) 6 th Harmonic Band 

Figure 11. — In-duct virtual rotating microphone beamforming results with clean inlet (for higher harmonics — above 
farfield data acquired). 
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(I) Hardwall — Rub-strip 

(l/64 th tip gap) 


(II) Hardwall— taped FML 

(5/64 th tip gap) 


(V) Exposed FML 
(5/64 th tip gap) 



(a) Floating Scale 



(b) Fixed Scale 


Figure 12. — In-duct virtual rotating microphone beamforming results (comparing floating to fixed scale) 
(3 rd harmonic chosen for illustration). 
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(a) Hardwall: rub-strip (l/64 th tip gap). 
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(b) Hardwall: FML taped (5/64 ,h tip gap). 





(c) Exposed FML (5/64 th tip gap). 


Figure 13. — In-duct virtual rotating microphone beamforming results with spectral slice. 
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Farfield Substantiation 


Farfield data were acquired and processed to analyze the broadband content around the first three fan 
harmonics of the three configurations (I) with the fan over the baseline rub-strip with tight clearance, (II) the 
fan over the FML taped — a more open tip clearance, and (V) the fan over the exposed FML. Reference 3 
describes the technique for computing broadband levels in detail and Reference 5 presents in-depth farfield 
acoustic results from these configurations. Figure 14 shows the farfield broadband directivity. Figure 15 
compares the inlet-sector PWL, geometrically integrated from the farfield directivity, to that computed by 
the in-duct beamforming processing technique computed from modal beamforming. 

The trends between the two methods for computing PWL agree. The rub-strip configuration is the 
loudest, followed by the taped FML, with the exposed FML the quietest. The increase in effectiveness of the 
FML at the higher harmonic bands is confirmed, just as shown by the VRM. However, the farfield acoustic 
results have some additional noise sources. The 1 st is a known increase in SPL in the lower frequency range 
of the 1 st harmonic band from the close proximity of a treated wall in front of the ANCF. (This was a 
necessary design compromise during construction of the local anechoic region (Ref. 10)). This causes a 
uniform increase in turbulence ingested by the rotor that could cause increased noise in the stationary frame 
that the VRM technique does not measure by design. In addition, there may be some spillover from the 
exhaust noise into the forward arc measurement zone. This would have the most effect in the FML 
configurations as the strong peak at 40° does not dominate the inlet-sector PWL computation and are the 
cases where the in-duct and far field results show greater differences (e.g., the exposed FML configuration). 
Another possibility is that the array being close to the rotor tip over emphasizes changes in that area. These 
effects could account for most of the differences. 

— HW: rub-strip — HW : FML taped — FML exposed 





(a) 1st Harmonic Band (b) 2nd Harmonic Band (c) 3rd Harmonic Band 

Figure 14. — Farfield directivity of various configurations. 


| HW: rub-strip ^ HW : FML taped ^ FML exposed 



(a) 1st Harmonic Band (b) 2nd Harmonic Band (c) 3rd Harmonic Band 

Figure 15. — Integrated PWL for various configurations. 
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Conclusions 


A duct wall mounted beamforming array using a Virtual Rotating Microphone technique to detect and 
localize rotating sources inside the reflective in-duct environment was successfully used to evaluate the 
characteristics of a Foam-Metal Liner installed Over-the-Rotor of a low-speed fan. Acoustic images of the 
fan blades were obtained. The VRM technique separated the rotating acoustic signals from the total 
acoustic signal. The technique also correctly computed the farfield PWL trends and measured the 
quantitative differences between several configurations. The VRM showed that the noises sources were 
weighted toward the tip with the tight rub-strip clearance when comparing to a more open tip clearance. 
The VRM showed that noise source distribution along the blade was reduced uniformly as a result of the 
FML. These speculations as to how the VRM phased array technique elucidated the physics of the 
acoustic sources are tentative, but show promise. The VRM technique should continue to be refined to 
increase the resolution in order to better ascertain the physics of the sources. A useful feature would be to 
incorporate region-of-interest screening to further geometrically quantify the spectral characteristics of in- 
duct sources. 
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